The Lll ribosomal protein operon of Escherichia coli contains the genes for Lll and LI and is feedback regulated by the translational repressor LI. Both the LI binding site on 23S rRNA and the LI repressor target site on Lll operon mRNA share similar proposed secondary structures and contain some primary sequence identity.
protein on rRNA (6) (7) (8) .
Such similarity suggests, but does not prove, that the protein may recognize the same features in both rRNA and mRNA.
One of the best studied pair of r-protein binding sites are the rRNA and mRNA binding sites for r-protein LI. The secondary structures for both regions have been examined using structure-specific nuclease analysis (9, 10) . Phylogenetic studies for both rRNA (9, 11) and Lll operon mRNA (12) show evolutionary conservation of these proposed secondary structures. Both the proposed secondary structure for the LI binding site on 23S rRNA and the proposed structure for the LI repressor target site on Lll operon mRNA share a similar secondary structure and contain some primary sequence identity.
[Similarity was first noted by Gourse et al. (11) and Branlant et al. (9) , and later more fully analyzed in this laboratory (6, 10, 13,) ]. Furthermore, the LI target site on Lll operon mRNA has been extensively studied by introduction of both random and site directed mutations (6, 14) . These studies verified that some regions of the proposed secondary structure are required for LI binding to mRNA in vivo.
In addition, these studies identified bases not paired in the secondary structure models that are important for LI recognition. If LI in fact recognizes the same structural features in both rRNA and mRNA as discussed above, one can predict that recognition of rRNA by LI may also use the sequence elements corresponding to those identified as important for mRNA-Ll interaction. In this paper, we have examined this prediction by constructing several mutations in the LI In the case of mutant plasmids pNO2943 and pNO2974, the method described by Zoller and Smith (17) was followed.
In the case of the other mutants, the Amersham oligonucleotidedirected mutagenesis kit was used as described by the manufacturer.
Mutational alterations at the LI target site were confirmed by DNA sequencing of the M13 mutant derivatives, covering at least the LI binding site shown in Table 1 .] After the incubation, the reaction mixtures were chilled on ice for about 1 hr and filtered through a Millipore type HA nitrocellulose filter by gentle suction at room temperature, followed by washing with 5 ml of reconstitution buffer. Filters with the retained RNA-L1 complexes were dried and the amounts of radioactive RNA were determined. The In the in vivo experiments described in Table 2 , "% induction" was calculated for LI and Lll (the values in parentheses in Table 2 ). Averages of the values for LI and for Lll are given here to make comparison to the in vitro binding results easier.
filters used for the experiments were pre-treated with 0.5 M KOH for 20 min, washed extensively with water and then kept in 0.1 M Tris-HCl pH 7.4 at 4°C (19) .
In vivo measurements of protein synthesis rates Plasmid containing derivatives of BL21(DE3) were grown at 37°C in MOPS minimal media (20) supplemented with thiamine at 0.1 /ig/ml, ampicillin at 100 /ig/ml, and 0.4% glucose.
At an OD600 of 0. The BL21(DE3) derivative carrying plasmid pAR2192 was pulse labeled as described above both with and without IPTG addition. Selected r-proteins were separated by immunoprecipitation followed by SDS-polyacrylamide gel electrophoresis as described (14) . The Table 2 represents the differential synthesis rates relative to those in BL21(DE3) carrying pAR2192 after induction.
It should be noted that by mixing the [ Table 2 (15, 16) and constructed plasmid pNO2953 (Fig. 1) . This plasmid retains the 3' third of the 23S gene (with the Ll binding site) and the genes for 5S rRNA along with the two strong rrnB operon terminators, Tl and T2, under the control of T7 010 promoter.
The region of Lll operon mRNA shown to be important for translational regulation by LI is shown in Figure 2A . This region shares some sequence identity and secondary structure similarities with the LI binding site on 23S rRNA ( Figure 2B ; see the regions outlined). Previous studies (6) showed that the main determinant of mRNA structure for LI recognition is probably an internal loop surrounded by two short G-C rich stem structures, the lower G-C stem (nucleotides 49-51 and 74-76) and the upper stem (nucleotides 54-58 and 62-66). It was shown that the primary nucleotide sequence of the lower stem is not important but the stem structure is important for the mRNA-repressor interaction (14) . Its function is probably to provide a structural role to maintain essential bases in the internal loop in a proper configuration; the unpaired A residue at position 53 was shown to be especially important for regulation, and G at position 52 was shown to be somewhat less important (6) . Thus, to test whether similar structural features in the LI binding region of 23S rRNA are also important for LI binding to 23S rRNA, we constructed several derivatives of pNO2953 with site-directed mutagenesis in the region of sequence identity ( Figure 2 and Table 1 ) . Two of these plasmids contain changes expected to disrupt a region of secondary structure corresponding to the lower stem of Lll mRNA mentioned above. A third plasmid carries both of these changes so that formation of the stem structure is restored. Six additional mutations were constructed to test the importance of two unpaired bases in the internal loop corresponding to A53 and G52 of mRNA mentioned above.
Effects of mutatlonal base alterations on LI binding site analyzed In vitro 32 P-labeled RNA fragments carrying the LI binding site (or mutationally altered sites) were prepared by cutting pNO2953 (and mutant derivatives) with
Aval and transcribing it using T7 RNA polymerase. These RNA transcripts were incubated with varying amounts of purified r-protein LI. The mixtures were then passed through nitrocellulose filters. The percentage of transcripts with mutant binding sites bound to the filters were compared to the percentage of transcripts containing the wild type LI binding site bound to the filters under the same conditions. Data from experiments using levels of LI that were near saturating for the pNO2953 transcript are presented in Table 2 . It can be seen that the synthesis rates of rproteins L3 and L6 remained fairly constant for all plasmids tested.
However, the synthesis rates of r-proteins LI and Lll were elevated about 2.8-fold in the strain carrying pNO2953, as expected, indicating that rRNA fragments containing the LI target site transcribed from the plasmid is able Derivatives of BL21(DE3) carrying pNO2953 or its mutant derivatives (indicated in the table) or pAR2192 (a control vector plasmid) were grown in a synthetic medium and relative differential synthesis rates of r-protein LI, Lll, L6 and L3 were determined, as described in Materials and Methods, at 20 min after the addition of IPTG to induce the synthesis of 23S rRNA fragment from the plasmids.
The values obtained with experimental strains were normalized to the corresponding values obtained with the control strain carrying pAR2192. The normalized values from three independent experiments were very similar (standard deviations less than 10% in most of the cases), and their averages are shown in the Table. For LI and Lll, "% induction" was calculated according to the equation shown below and the values obtained are given in parenthesis in the Table. % Induction -100 x [Relative differential synthesis rate in mutant -1] / [Relative differential synthesis rate in wild type -1] to compete effectively with Lll mRNA for LI binding. The synthesis rates of LI and Lll, however, were not significantly elevated after induction of the synthesis of some of the mutant RNAs with altered binding sites, indicating that these mutations abolish the ability of the fragment to bind LI effectively to win competition with mRNA.
These mutations include the two mutations that disrupt the stem structure in question (see pNO2973 and pNO2976). Combining these two mutations and restoring a stem structure restored the ability of the RNA transcript to bind LI to win competition (see The relative degree of stimulation of Lll and LI synthesis by overproduction of the rRNA fragment in the experiments shown in Table 2 was also expressed as % induction (see definition of % induction described in the legend to Table 2 ) . Averages of % induction for Lll and LI for various mutant plasmids are shown in the last column of Table 1 to make comparison to the in vitro binding results easier. It can be seen that, although there are some quantitative differences between the in vitro and in vivo results expressed in this way, it is evident that both results agree by and large, as already described above (compare column 4 and 5 in Table 1 ).
Analysis of plasmid-encoded RNA synthesized after induction of the synthesis of T7 RNA polvmerase
As described in the previous section, overproduction of the 23S rRNA (and/or its precursor) can also be recognized with these two RNA samples.
From inspection of the autoradiograms, it is evident that there is no significant difference in the pattern of radioactive RNAs between the two.
Thus, we conclude that, although transcription of the mutant plasmid (pNO2973) did not cause derepression of Lll and LI synthesis, the failure is not because of failure of the synthesis of the mutant RNA, nor because of instability of this RNA.
DISCUSSION
Earlier studies on the LI binding to 23S rRNA have shown that LI protects a 169 base fragment of 23S rRNA starting at base 2067 from nuclease digestion (9) . In addition, E. coli LI was shown to bind to 23S rRNA from other bacterial species (9) and 26S rRNA from Diccyostelium discoideum (11) LI binding regions of these rRNA were also studied by protection with LI from nuclease digestion. However, no experimental studies have been reported to identify specific base residues involved in the interaction with LI. In the present studies, we have experimentally demonstrated involvement of specific base residues and a stem structure in LI binding. The importance of these residues and the structure was originally inferred from the results of previous mutagenesis studies on the LI target site of Lll mRNA (6) . As in the case of the LI target site on mRNA, unpaired nucleotide residues, especially A at position 2126, in the internal loop that is surrounded by GC-rich stems are important for LI binding. In addition, the lower stem examined was also shown to be essential. In the latter case, the stem appears to provide an essential structural role rather than a role as LI recognition sequence, whereas the unpaired A-2126 appears to be involved in direct interaction with LI. It should be noted that we did not study other nucleotide residues in the LI binding region, and therefore, it is possible that LI binding to 23S rRNA also depends on additional nucleotide residues not analyzed in this work.
Regarding the suggested structural role of the lower GC rich stem, it should be noted that combination of the two mutations restoring a base-paired structure did not lead to complete restoration of LI binding activity assayed in vitro, whereas it showed LI binding activity comparable to the wild type when % induction was used as its measure in vivo (see pNO2975 in Table 1 Finally, the present experiments support the previous conclusion that mRNAs for r-proteins (at least Lll and alpha operon mRNAs) are usually synthesized in excess of the amount needed for production of r-proteins (22, 23, 30) . The degree of repression under normally growing cells was previously estimated to be 2 to 4-fold depending on growth conditions (22) .
The value estimated under the present experimental conditions (2.8-fold repression) is consistent with the previous results. Thus, translational
